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Abstract 
Solar cycle variations in solar radiation create notable changes in the Martian ionosphere, which have 
been analysed with Mars Express plasma datasets in this paper. In general, lower densities and tempera-
tures of the ionosphere are found during the low solar activity phase, while higher densities and tempera-
tures are found during the high solar activity phase. In this paper, we assess the degree of influence of the 
long term solar flux variations in the ionosphere of Mars. 
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Variaciones de la ionosfera de Marte debidas al ciclo solar  
 
Resumen 
La radiación solar en cada fase del ciclo solar crea importantes variaciones en la ionosfera de Marte, las 
cuales son analizadas en este artículo con datos de la sonda Mars Express. En general, las densidades y 
temperaturas más bajas de la ionosfera se encuentran durante la fase de baja actividad solar, mientras que 
las densidades y temperaturas más elevadas se encuentran durante la fase de alta actividad solar.  Este 
artículo evalúa el efecto que las variaciones del flujo solar tienen a largo plazo en la ionosfera. 
Palabras clave: ciclo solar; ionosfera de Marte; TEC. 
  
Summary: Introduction 1. Mars Express dataset 2. Ionospheric behaviour with the solar cycle 3. Discus-
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Introduction 
The ionosphere is the conductive atmospheric layer formed by the ionization of the 
neutral atmosphere. This layer contains a significant number of free thermal electrons 
and ions, which are commonly produced via ionization of the neutral particles by 
extreme ultraviolet/X-ray radiation from the Sun and by collisions with energetic 
particles that penetrate the atmosphere (e.g. Schunk and Nagy, 2009).  
In the particular case of Mars, solar extreme-ultraviolet (EUV) photons between 
10 nm and 90 nm are responsible for the creation of the main layer of its ionosphere 
(e.g. Witasse et al., 2008). The maximum density of this layer is typically located 
between 125-140 km altitude with a characteristic electron density range between 
0.4∙1011 and 2∙1011 electrons per m-3, and is dependent on solar zenith angle (SZA) 
and solar activity conditions (e.g. Gurnett et al., 2005; Witasse et al., 2008; Peter et 
al., 2014; Sánchez-Cano, 2014). Since EUV photons are greatly attenuated at lower 
atmospheric altitudes, soft X-ray solar photons of 10 nm are the dominant flux able to 
ionize the lower atmosphere, with a significant contribution due to secondary elec-
trons and photoelectrons. This secondary layer is typically located at around 110-115 
km altitude (e.g. Schunk and Nagy, 2009; Sánchez-Cano, 2014), and is considerably 
weaker than the main peak but it is not negligible since it contributes to about 10% of 
the Total Electron Content (Sánchez-Cano et al., 2015a). Photochemical processes 
control the behaviour of the two main ionospheric layers at Mars up to 170-200 km 
altitude (e.g. Schunk and Nagy, 2009), and in this regime, the Martian ionosphere is 
well represented, at least to first order, by an α-Chapman-type layer (e.g. Gurnett et 
al., 2005; Withers, 2009; Nĕmec et al., 2011; Sánchez – Cano et al., 2013; 2014). 
Ionospheric variability can be caused by many factors. External factors such as the 
solar cycle, solar flares, coronal mass ejections (CMEs) or Corotating Interaction 
Regions (CIR), among others contribute significantly. In addition, the planet’s rela-
tively elliptical orbit around the Sun is a factor of major impact, as the seasons, dis-
tance to the Sun and the diurnal variation have a major role in determining ionospher-
ic structure. Moreover, the planet is also a major source of variability in the 
ionosphere, as dust storms, thermal atmospheric tides, crustal magnetic fields, or the 
topography itself modulate the behaviour of the ionosphere (e.g. Shinagawa and 
Cravens, 1989; Witasse, 2000; Withers et al., 2003; Morel et al., 2004; Wang and 
Nielsen, 2004; Mendillo et al., 2006; Nĕmec et al., 2011; Zou et al., 2011; Withers et 
al., 2012a, b; González-Galindo et al., 2013; Withers and Pratt, 2013; Bougher et al., 
2015; Matta et al., 2015; Sánchez-Cano et al., 2015b, 2016). However, the solar cycle 
is the factor that plays the most important long-term role in ionospheric variability, as 
each solar cycle phase produces changes in the neutral atmosphere, in the ionospheric 
temperatures and in the densities. A good knowledge of the solar cycle variations in 
the ionosphere of Mars is therefore essential to fully understand the long-term Mar-
tian ionospheric variability, its interaction with the solar wind and facilitate satellite 
communications at Mars. 
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In this paper, we focus on the variability created by external factors due to long-
term variations in the solar EUV and X-ray fluxes, i.e. solar cycle phases at Mars. The 
behaviour of the ionosphere of Mars in response to the long-term variability produced 
by the solar cycle evolution is assessed from a number of different ionospheric pa-
rameters.  
 
 
1. Mars Express dataset  
Since the Sun is the main source of ionization in the Martian upper atmosphere, the 
ionospheric behaviour as a function of solar cycle is directly dependent on its radia-
tion behaviour with time. Only now, thanks to the more than 10 years of data from 
Mars Express (Chicarro et al., 2004), is it possible to analyse the ionospheric response 
to changes in the solar activity during a full solar cycle with the same dataset and with 
an almost complete planetary coverage. 
The main dataset used in this study is the Mars Advanced Radar for Subsurface 
and Ionospheric Sounding (MARSIS) (Picardi et al., 2004) on board the Mars Ex-
press (MEX) spacecraft (Chicarro et al., 2004). This instrument has been probing the 
ionosphere and subsurface of Mars since mid-June 2005 (Orosei et al., 2014). 
MARSIS has two different operational modes, from which multiple ionospheric 
parameters can be obtained. When working in the Active Ionospheric Sounding (AIS) 
mode (Gurnett et al., 2005; Orosei et al., 2014), MARSIS works as a topside iono-
spheric sounder, where the ionization from the spacecraft to the maximum ionization 
region (~135 km for pure dayside conditions) is sampled. The vertical electron densi-
ty profiles of the topside ionosphere are the main data product (Sánchez – Cano et al., 
2012; Morgan et al., 2013). 
When MARSIS works in the subsurface mode (Gurnett et al., 2005; Orosei et al., 
2014), the instrument works as a geophysical radar to analyse the subsurface of the 
planet. The total electron content (TEC) of the entire ionosphere (from Mars’ surface 
to spacecraft position) can be retrieved as a by-product (Cartacci et al., 2013) because 
the radar signals twice cross the full ionosphere (from MEX to the surface and then 
back to MEX) and the plasma slows the signal propagation, from which, TEC is 
retrieved. Subsurface TEC data have, however, daylight limitations as they are less 
trustable in the full dayside when the MARSIS carrier frequencies are close to the 
maximum plasma frequency of the ionosphere. In these cases, a signal degradation is 
manifest (Sánchez-Cano et al., 2015a). In this study, subsurface TEC is analysed 
through the Cartacci et al. (2013) algorithm, only with data that fit the Signal-to-
Noise Ratio (SNR) condition of SNR>25 dB. This conservative approach guarantees 
the accuracy of the TEC estimation (Sánchez-Cano et al., 2016).  
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2.  Ionospheric behaviour with the solar cycle 
Solar cycle variations in solar radiation create notable changes in the Martian iono-
sphere. For the same level of solar activity, the ionosphere of Mars behaves notably 
different depending on each phase of the solar cycle (see Figure 2 of Sánchez-Cano et 
al., 2015b). To illustrate the general behaviour in density of the ionosphere of Mars 
with the solar cycle, a case study is presented in Figure 1. This figure shows 41 
MARSIS AIS electron density profiles from four representative Mars Express orbits 
across four panels. Each panel represents a different phase of the latest solar cycle, 
i.e. moderate declining phase, low solar activity phase, moderate ascending phase and 
high solar activity phase, while all the profiles have the same illumination characteris-
tics, i.e. the solar zenith angle is between 45 and 55 degrees. In order to avoid a 
possible magnetic field influence, the profiles were selected over regions without the 
presence of crustal magnetic anomalies as indicated by the Cain et al. (2003) magnet-
ic field model (<3 nT at the spacecraft position). In each panel, two Chapman layers 
have been plotted as a reference to evaluate the degree of variation of the AIS pro-
files: the dashed line assumes a constant scale height with altitude, while the solid line 
considers a scale height that increases linearly with altitude, as modelled by Sánchez-
Cano et al. (2013). Both lines stop at 200 km in accordance with the average limit of 
the photochemical region. Nevertheless, both lines have been extrapolated to higher 
altitudes (dash-point lines) in order to estimate a possible profile behaviour if the 
photochemical regime were valid at those altitudes.  
Panels A and C represent two orbits from periods of moderate solar activity, with 
Panel A during the declining phase of the solar cycle and Panel C from the ascending 
phase. Profiles from an orbit from the very low activity of solar minimum phase is 
plotted in Panel B and an orbit from close to solar maximum in panel D. 
In the moderate activity cases (panels A and C), the shapes of the ionospheric pro-
files are very similar, despite possible solar radiation differences during the declining 
and increasing phases of the solar cycle. However, when the solar cycle is at its 
extremes, the electron density does not follow this trend. Focusing on the period of 
solar minimum (panel B), a notable difference in density is found. We believe that 
this is a consequence of a cooler ionosphere and thermosphere, as suggested by 
Sánchez-Cano et al. (2015b).  Also, there is evidence for two density regimes. From 
the peak to ~180 km, the profile is consistent with a Chapman layer with a constant 
scale height (photochemical region). However, above this, the topside behaviour 
responds to the diffusive region regime, being better reproduced with a scale height 
that increases only slowly with altitude if the photochemical laws were still valid in 
that regime. 
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Figure 1. Electron density profiles of four Mars Express orbit examples belonging to different 
phases of the solar cycle.  In all of them, two Chapman layers are plotted as a reference to 
evaluate the degree of variation of the profiles: a Chapman layer with a constant scale height 
(dash-line), and a Chapman layer with a linear altitude-variable scale height (solid-line). In the 
four cases, the solar zenith angle of all the profiles is between 45 and 55 degrees. 
 
Most probably, this second regime is the consequence of an induced magnetic 
field from solar wind origin (Sánchez-Cano et al., 2015b). This period was character-
ized by an especially prolonged solar minimum, which was deeper than the previous 
solar minimum: the EUV radiation was extremely reduced from end 2007 to end 2009 
and X-rays were practically absent (Sánchez-Cano et al., 2015b; 2016). In contrast, 
profiles from the period of high solar activity are shown in panel D. These profiles 
show a notable increase in density, with respect to the other periods. The altitude of 
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the peak density is higher than the reference altitude for some cases, thus highlighting 
that the neutral density of the atmosphere could also have increased. 
A more detailed and global analysis is presented in Figure 2, where the evolution 
of several parameters during 6 terrestrial years is shown. In the first panel, the two 
most characteristic solar irradiance fluxes able to ionize the ionosphere of Mars have 
been plotted. The EUV solar flux measured by the Thermosphere, Ionosphere, Meso-
sphere Energetics and Dynamics (TIMED)-Solar EUV Experiment (SEE) satellite 
(Woods and Eparvier, 2006) at the wavelength of 30.5 scaled to the Mars heliocentric 
distance is shown (in black), together with the X-ray background radiation measured 
by the Geostationary Operational Environmental Satellite (GOES) family of satellites 
extrapolated also to the Mars location (in grey). Using these parameters, the interval 
is divided into 4 subintervals, each one with different solar radiation characteristics, 
following exactly the same criteria as Sánchez-Cano et al. (2015b, 2016). Period A 
corresponds to the moderate solar activity phase of the solar cycle in the declining 
phase of the solar cycle 23, from 2006 to mid-2007. This period was characterised by 
moderate values of both EUV and X-ray fluxes. Period B corresponds to the low solar 
activity phase of the solar cycle 23/24, from mid-2007 to mid-2009. This period was 
characterized by a lower general reduction of EUV in comparison to the former 
period, and a notable reduction (near permanent absence) of measurable X-ray flux. 
Period C corresponds to the moderate solar activity in the ascending phase of the 
solar cycle 24, from mid-2009 to mid-2011. During this phase, every flux parameter 
showed similar levels to those in Period A, with a progressive ascending trend along 
the period. Finally, Period D corresponds to the high activity phase of the solar cycle 
24, from mid-2011 to 2012. On average, both radiation fluxes were higher in Period 
D than in the other three periods.  
In the second panel, the daily average TEC of the full atmosphere of Mars for a 
narrow interval of SZA between 68 and 73 degrees (grey dots) has been plotted, 
together with the difference of pressures (in black) between the maximum plasma 
pressure (at the main peak of the ionosphere) and the solar wind pressure at Mars. 
These two pressures are also individually plotted in the third panel. The maximum 
thermal pressure at Mars has been calculated from the plasma scale height of the 
MARSIS AIS profiles as in Sánchez-Cano et al. (2016), and the solar wind pressure 
at Mars come from the Advanced Composition Explorer (ACE) satellite and from the 
Operating Missions as a Node on the Internet (OMNI) solar wind databases at 1 AU 
extrapolated to Mars’ distance. In the fourth panel, the daily neutral (in grey) and 
plasma (in black) average temperatures at the altitude of the main ionospheric peak 
have been plotted. These parameters were obtained from the daily average scale 
height (neutral and plasma respectively) of the MARSIS AIS electron density profiles 
as described in detail in Sánchez-Cano et al. (2016). In this latest work, one neutral 
scale height that depends on solar zenith angle and on altitude above the main peak is 
obtained for each phase of the solar cycle (same phases than in this work). Therefore, 
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a single neutral temperature value that depends on solar zenith angle and altitude is 
obtained for each phase of the solar cycle after considering equation (1). 
H = kBT / mg        (1) 
H = - dh / d(lnN)   (2) 
where H is the scale height, m is the mean molecular mass of the medium, T is its 
temperature, g is the acceleration due to the gravity of the planet at ionospheric alti-
tudes, KB is the Boltzmann constant, h is the height and N the electron density.  
The plasma temperature was obtained with equation (2) after considering the 
NeMars empirical model (Sanchez-Cano et al., 2013) to reconstruct the electron 
density profile and each of the previous neutral scale heights of each solar cycle 
phase. The best linear fit to the region of the reconstructed electron density profile 
close to the main peak (equation 2), and considering equation (1), gives the average 
plasma temperature at the peak of the ionosphere. Since the NeMars model varies 
with solar activity, as a function of the F10.7 index, and with heliocentric distance, 
the average plasma temperature also varies with them. Therefore, both temperatures 
should be treated as the average temperature of each solar phase and the steps be-
tween periods are an artefact of dividing the interval into four subintervals.  
Finally, in the fifth panel, the Mars’ heliocentric distance has been plotted to help 
in the discussion. 
The Martian ionospheric behaviour is expected to follow the solar flux pattern, 
since it is directly dependent on the incident EUV and X-ray radiation. As observed in 
the second and fourth panels, TEC and temperatures have a similar trend to that of the 
EUV flux at Mars, with a modulation in magnitude related to the X-ray flux intensity. 
The daily TEC as well as EUV flux, are strongly influenced by the heliocentric dis-
tance of Mars. This is illustrated by the sinusoidal-shape of the curve, where TEC is 
larger when Mars is closer to the Sun, and lesser when is at the furthest place.  
According to the solar cycle phases, TEC is clearly reduced during the period of 
low solar activity due to a large reduction of the EUV flux and to the absence of X-
ray measurable flux. This produced a decrease in TEC to 7 x 1015 m-2 during the 
2008-2009, compared to 8 x 1015 m-2 in 2006-2007 and 2010-2011 (moderate solar 
activity descending and ascending phases respectively). At solar maximum, starting at 
late 2011, TEC increased because of a much larger EUV and X-ray fluxes, with 
values of order 10 x 1015 m-2. Note that these values vary along the elliptic orbit of 
Mars around the Sun and so the values have been taken at about the same phase in the 
orbit, showing a clear TEC season dependence on the solar cycle. The daily evolution 
of the TEC of the full atmosphere follows very closely the behaviour of the pressure 
difference plot, suggesting that the Martian plasma system is consistently driven by 
the relationship between the solar wind dynamic pressure and the maximum thermal 
pressure of the ionosphere (Sánchez-Cano et al., 2016). 
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Figure  
 
 
Figure 2. First panel: EUV solar irradiance at the wavelength of 30.5 nm at Mars distance 
(black, left axis). Solar X-rays at Mars distance (grey, right axis). Second panel: TEC of the 
full ionosphere from MARSIS in the subsurface mode (grey, left axis). Pressure difference 
between the maximum thermal pressure and the solar wind pressure (black, right axis). Third 
panel: Solar wind pressure at Mars location (black, left axis). Maximum thermal pressure (at 
the main peak of the ionosphere, grey, right axis). Fourth panel: neutral (grey, left axis) and 
plasma (electron and ions) (black, right axis) temperatures at the peak ionospheric region. 
Fifth panel: Mars heliocentric distance. Vertical lines designate the solar cycle phases. Note 
that the steps between periods in panels 3 and 4 are an artefact of dividing the interval into 
four subintervals as explained in the text. 
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A similar behaviour is observed with both temperatures, as both curves also follow 
the solar cycle radiation pattern. For a SZA of 60 degrees, the neutral temperature at 
both periods of moderate solar activity is ~200 K, while the plasma temperature is 
~700 K. However, both temperatures suffered a general reduction during the period of 
low solar activity, where the neutral temperature was ~20 K cooler and the plasma 
~50 K cooler. On the other hand, higher neutral and plasma temperatures are found in 
the high solar activity period, where an increment of 40 K and 200 K respectively was 
found.  
Therefore, solar cycle variations can be identified in the ionosphere of Mars in the 
form of changes in density, TEC, pressure balance and average plasma temperature. 
EUV flux is the major driver of these variations together with the soft X-ray radiation, 
which both together create unique characteristics in the behaviour of the martian 
ionosphere with each phase of the solar cycle. These results agree with the findings of 
Sánchez-Cano et al., 2015b, where it was demonstrated that for same levels of solar 
activity, the ionosphere of Mars behaves different at each phase of the solar cycle. 
Moreover, solar cycle variations can lead to significant changes in the atmospheric 
escape rate, as EUV intensity and solar wind velocity play a major role on it (Ram-
stad et al., 2015). 
 
 
3. Discussion: Earth ionosphere comparison  
We have shown that the long-term variability is an important factor to consider for 
the evolution of the Martian ionosphere. Moreover, the heliocentric distance plays an 
important role modulating the intensity of the incoming solar radiation, and therefore, 
the temperature, TEC, density and pressure balance of the upper atmosphere at Mars. 
If this ionospheric response is compared with the well-known Earth ionosphere 
behaviour, a number of similarities can be found despite Mars not having a global-
inner magnetic field, as well as different atmospheric composition and size, and an 
orbit which is further away from the Sun. Both ionospheres strictly depend on the 
EUV variation at their orbits and are modulated by the X-ray flux (e.g. Kutiev et al. 
2013 for the Earth case). At Earth, the solar cycle drives large temperature differences 
in the thermosphere, which causes an even larger density change in the upper atmos-
phere (e.g. Solomon et al. 2011). However, the terrestrial ionosphere shows a weak 
dependence on the heliocentric distance because the Earth orbit around the Sun can be 
consider quasi-circular, especially when compared to the high elliptically Mars’ orbit. 
Therefore, the main difference is that the EUV spectrum at Earth does not exhibit any 
sinusoidal shape as in the case of Mars (first panel Figure 2).  
Nevertheless, the vertical structure of both Earth’s and Mars’ dayside ionospheres 
respond analogously to the solar cycle variability. Both ionospheres have largest TEC 
values during solar maximum, being therefore warmer and with a larger inner thermal 
pressure. Moderate solar activity periods have characteristics halfway between high 
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and low solar activity phases, while at solar minimum the lower TEC values, tem-
peratures and inner thermal pressure are found. An important mention should be made 
to the latest solar minimum (end 2007 to end 2009), when an exceptional low level of 
solar activity took placed. This minimum was lower and longer than previous solar 
minimum and the modelling of the ionosphere of both planets showed deficiencies in 
the predictions for local and global conditions (e.g. Klenzing et al., 2013; Yue et al., 
2013; Sánchez-Cano et al., 2015b). There is much evidence that indicates that Earth’s 
thermosphere was much colder and lower in density than expected by previous mini-
ma (e.g. Solomon et al., 2010, 2011, 2013). This is also confirmed in the case of 
Mars. 
We have shown that during the low solar activity phase, a much lower density in 
the ionosphere is found. Similarly, the recent work of Withers et al. (2014) showed 
the intense decrease of the peak density for the low solar activity period (Figure 2 at 
Withers et al., 2014). Furthermore, in this work we have demonstrated that the photo-
chemical region ended at about 20 km lower than in both moderate solar activity 
phases (Figure 1), mostly due to a more permanent magnetized state of the ionosphere 
at stated by Sánchez-Cano et al. (2016). The thermosphere was also cooler, as indi-
cated by the temperatures of the neutrals and plasma constituents at ~135 km in 
Figure 2, and also a clearly reduced TEC is found only for that period.  
This work has only focused on the region of the planet without the presence of 
crustal magnetic anomalies, which is the major part of the planet (e.g. Cain et al., 
2003). However, crustal magnetic fields have an important role at high altitudes. As 
Nĕmec et al. 2016 have recently demonstrated, electron densities at high altitudes (in 
the diffusive region) are significantly increased over crustal magnetic field areas, 
while peak electron densities are nearly unaffected. Moreover, there is clear evidence 
that solar flux at these high altitudes is still significant (Nĕmec et al., 2016), the 
evolution of which with the solar cycle constitutes a clear future line of work. 
 
 
4. Conclusions 
To conclude, the solar cycle is an important factor to take into account in the long-
term evolution of the Martian ionosphere, as the different solar phases determine the 
role of the plasma system behaviour. A good modelling of the ionosphere is essential 
to fully understand the role of the upper atmosphere interaction with the solar wind, 
the reaction of the ionosphere to short and intense space weather events, such as 
interplanetary coronal mass ejections or stream interaction regions, among others, or 
the atmospheric scape over time. Moreover, from the technological point of view, 
these solar cycle variations affect the satellite communication and navigation, as the 
ionosphere interferes and distorts the signals and can cause different levels of drag on 
spacecraft. 
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